very fine electronic balance with 0.1-mg resolution. The strength of magnetism in each sample can be defined by the saturation induction value of each clip, with electromagnetic units per gram as the induction unit. This parameter is used as the criterion for determining if a clip is magnetically strong enough to be excluded from surgical implantation. Based on testing, we have identified an exclusive correlation between the sample magnetic moment or its magnetic strength and the torque within a magnetic field; the latter is directly responsible for the rotational motion of the clips in a uniform field environment such as an MR imaging system. The shape of the clip also strongly influences the torque value caused by the anisotropy it produces.
Sources of Supplies and Equipment
The aneurysm clips were obtained from the following manufacturers: Heifetz 17-7PH and Heifetz Elgiloy from
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Aneurysm clips and MR imaging safety We correlated these results with biocompatibility, results of passivation reactivation tests, and metallurgical composition ( Table 1) .
Discussion
The dangers of implanted clips result from translational forces, or torque, between the magnetic material in the clip and external magnetic fields. In daily life, people rarely come in contact with magnetic fields of life-threatening magnitude. One exception occurs when individuals undergo MR imaging, which can create magnetic fields measuring 15,000 Oe (1.5 tesla) or more. This level of magnetic field strength can create significant force and torque on metal clips implanted in the body, especially if they are magnetic. (For reference, the earth's magnetic field is approximately 0.6 Oe, and many common electromechanical devices produce at most 1.5 Oe, or four orders of magnitude less than a standard MR imaging system.)
For many years, efforts have been made to study the magnetic properties of aneurysm clips. At first, researchers used the simple method of observing clips under a hand-held magnet. Eventually, the clips were placed on a glass plate and introduced to the magnetic bore of the MR imaging system. 3, 6, 7 This proved to be very impractical and was purely qualitative in nature. Efforts were then made to study clip movements from the door to the gantry in the MR imaging suite. 2 Results from this type of testing proved to be inefficient and were not replicable because of the variations in field strengths in different MR imaging suites.
There is a need for quantitative assessment methods that can produce accurate and reliable results. Researchers in our laboratory suggested to the American Society for Testing and Materials that the weight of the clip should be measured by suspending it from a string both alone and with a magnet placed under it (M. Dujovny and D. Katanik, personal communication) (Fig. 4) . By dividing these two values, it could be seen that clips with 1 EMU/g did not show any movement in the magnetic field. Although this method provided enough data for quantitative analysis, it involved much manipulation of the clips and was governed by the translational force and torque. Another quantitative method used was to suspend the clip by a wire in a constant magnetic field and measure the angle of displacement of the wire from the vertical plane. 1 A demagnetized material will not deflect from the vertical plane with this method, although the material may become magnetized at higher fields. Many commercial materials are not fully magnetized until exposed to high magnetic fields; thus this method could not be reliably used to quantify the clip's magnetic properties accurately.
Magnetic fields exert two types of forces on a metal clip: the translational force, which moves the clip in a straight line as a result of the field gradient, and the torque, which rotates the clip because of the shape anisotropy of the clip itself. By knowing the electromagnetic unit value of the clip and the field gradient at the point of testing in the MR imaging room, we can estimate the translational force. However, because a clip's torque is dependent on its shape anisotropy and is not a simple result of magnetism, a more accurate test using a vector magnetometer is needed to determine the torque value. The electromagnetic unit value derived with a magnetometer can then be used to establish an upper limit for the torque within specific magnetic field strengths.
The dependence of torque and translational force on the field gradient can be seen in the following formulas:
1 F x = M(H) dH/dX, where F is the translational force; X, the coordinate of the clip; M, the magnetic moment (in electromagnetic units); H, the field strength; and dH/dX the field gradient in oersteds per centimeter or teslas per meter. As an example, if we assume the magnetic moment of a clip to be 10 EMU/g and the field gradient to be 10 tesla/m, knowing that the field strength may vary from approximately zero to 1.5 tesla when moving closer to the MR imaging unit, the translational force would be: 10 EMU/g ϫ 1000 Oe/cm = 10,000 dyne or 10 g of equivalent gravitational force. If the values of M and dH/dX differ, the force changes accordingly. The torque can be derived from the formula: T = M(H) [Hsin()], where T is the torque and is the angle between vectors M and H. For torque, we know that the value of M due to anisotropy would be smaller than 10 EMU/g. If the field magnitude is 1.5 tesla (like that of an MR imaging unit), the upper limit of torque value fields would be 10 EMU/g ϫ 15,000 Oe = 150,000 dyne/cm, or approximately 15,000 g/cm. The representation of this value for the torque must be determined by clinical studies on the clips with appropriate vectors.
Thus, it is clear that both torque and translational force are field environment-dependent variables, and they change with the field magnitude and gradient. As such, they vary between MR imaging units, even with the distance from the MR imaging gantry. Translational force and torque are not constant and their values should not be used in deciding the safety of MR imaging for patients harboring clips. In addition, these values should not be used to label individual clips. The magnetic moment in electromagnetic units, however, is an intrinsic property of the clip that remains constant under a constant applied field during measurement. This is the reason why knowledge of a clip's electromagnetic properties is valuable and why the electromagnetic unit should be used in labeling.
In this study, all measurements were made by using a VSM. Although there are other research magnetometers, the VSM has the advantage of being commercially available. All clips tested in this study were from our personal collection and had never been used before. Although some of these clips are not commercially available, we tested them because they have been used in the past, and it is important to assess their safety in patients undergoing MR imaging.
Qualitative analysis of the clips that had low magnetic moments showed that they did not exhibit any movement in MR imaging. Therefore, clips of approximately 1 EMU/g or less are safe in MR imaging. The clips with low electromagnetic unit showed negligible torque. Actually, these clips are paramagnetic. Paramagnetism comes from orbiting electrons in molecules that are not coupled. No shape anisotropy will be present under a magnetic field; thus, no torque will be exerted on these clips when placed in a strong magnetic field. In clips with strong magnetic moments, the torque can be observed by running a torqueversus-angle curve using the LDJ VSM (model 9600). When shape is comparable, the magnetic moment becomes the dominant factor for the torque value.
The size of the clips is also an important factor in measuring the electromagnetic unit and may be one of the reasons for the difference in values measured by the VSM and other magnetometers. To attain accurate results while measuring clips with a size greater than 1 cm: 1) the width of the gap in the electromagnet could be widened and the sense coils positioned accordingly; 2) a correction factor could be determined either from experiments or calculations; or 3) a clip known to be acceptable can be used as a reference with which to compare measurements of other clips of identical geometry or orientations.
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Conclusions
With today's advances in materials and medical technology, the VSM stands out as the most accurate and reliable device to quantify the magnetic properties of aneurysm clips. It is highly sensitive to weak magnetic materials, is adaptable to a wide range of testing conditions, and can be used to test at field gradients typically used in MR imaging applications. To avoid the potential dangers of aneurysm clips, they should be tested by the VSM both before (wire-blank) and after (clip in the box) production. In addition, each clip should be labeled in a standard fashion with its specific electromagnetic unit value. The VSM can be used in this way for quality control testing of the manufactured clips.
At the hospital level, we recommend that before MR imaging is performed, a preliminary investigation be undertaken that includes obtaining plain x-ray films from different projections (anteroposterior, lateral, oblique, and so forth). Radiologists should be able to identify the type of aneurysm clip from plain x-ray films (unpublished data). The only difficulty would be identification of Heifetz clips because on plain x-ray films the older magnetic 17-7PH and the nonmagnetic Elgiloy appear to be the same. In such instances MR imaging should be avoided and other diagnostic modalities should be used. 4 Measurements made with the VSM are absolute and can be matched by manufacturers. Results are not operator-based and are not affected by other forces such as gravity. In addition, results are quantitative and thus can be statistically analyzed for process control and repeated with a high degree of accuracy.
